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Abstract

Creep tests were performed on a representative sanple of rock salt from

Mbss Bl uff 2 (MB2), Moss Bl uff dome near Houston, Texas. MOSS
Bluff 2is located at the site of a conpressed gas storage cavern of Tejas
Power Corporation. Four triaxial experinents were conducted at two val ues
of principal stress difference and two representative tenperatures. The
m ni num obeerved creep rates at the end of each test varied between
5.2x10-9 | /s and 2.14x10-8 |/s. Conparisons of the present results wth
existing data for rock salt from other |ocations suggestthat the steady-
state creep characteristics of MB2 salt, depth 3349 ft (1098.8 m), are
internediate to those neasured for the U S. Strategic Petrol eum Reserve at
West Hackberry and Bryan Mund, which included the npst creep resistant
rock salt ever tested at Sandia National Laboratories. Creep paraneters
are suggested for first-order sensitivity cal cul ations.
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| ntroduction

In March, 1992, a cursory eval uation was requested of the creep
response of rock salt fromthe Mss Bluff salt dome |ocated approxi mately
40 mles (64 km East of Houston, Texas. The core was taken in borehole
Moss Bluff 2 which will be used by Tejas Power Conpany to create a gas
storage cavern by neans of solution nmining. The borehole Myss Bl uff 2
(MB2) is located in the North Central part of the 2.5-mile (4-kmnm) dianeter
done and some 1000 ft (328 m East from an existing cavern, Mss Bluff 1
(MB1). MB1l was devel oped in 1980 and abandoned thereafter until 1989 when
it was acquired by Tejae Power Conpany. M 1 currently holds approxinately
2.5 MMb of conpressed natural gas. The new cavern Mss Bluff 2 will be
substantially larger with a design capacity of 6.2 MMb. The new cavern
will have a nominal height and dianmeter of 1600 ft (525 m) and 200 ft (66
m, respectively. The roof of MB2 will be placed 2500 ft (820 m) bel ow
surface and sone 900 ft (295 m below the top of the salt.

Salt core from Moss Bluff 2 was received by Sandia National
Laboratories (SNL) in md-April, 1992, for sanple selection, sanple
preparation, and creep testing in the SNL Rock Mechani cs Laboratory.
Actual tests were performed during the period May 13 to July 25, 1992.
This report summarizes the rationale of the neasurenents, associated
facilities and test procedures, and the creep data obtained. The available
but limted neasurenents are then conpared with an existing data base for
rock salt fromthe bedded salado fornation in southeastern New Mexi co and
fromthree salt domes and sites of storage caverns of the U S. Strategic
Pet rol eum Reserve (SPR) program

It is enphasized that the results in this report were obtained from
limted neasurenents on a single piece of core. Although the quality of
the neasurenents is deened excellent, the duration of several of four
sequential creep tests was too short to yield unanbi guous dat a.

Avail abl e Core and Sanpl e Preparation

Core was received from depths of 2511 ft (824 m)to3783ft (1241 n).
From this, the section 3349-3350 ft (1099.8-1099.1 n) was selected for
testing because it represented salt fromthe central portion of the cavern
The salt core is mediumgray in color and has an average grain size of
approximately 0.4 in (11 mm). Individual grains were slightly el ongated
and aligned along a dip direction of 28" from vertical

Two sanpl es were machined on a band saw and |athe to final nonina
dinensions 8.1 in (20.6 cn) long by 3.9 in (9.9 cm dianeter. The quality
of a difficult sanple preparation process was indicated by sharp edges
around the ends of the cylindrical sanples. After machining, the sanples
were coated with a thin layer of brush-on silastic, greased with nolybdenum
di sul fide across the ends, placed between nirror-polished stainless stee
end cape, and enclosed in a flexible neoprene jacket. A thernocouple was



pl aced through one end cap into a small hole about one inch deep into the
sanple to ensure good tenperature nmeasurenments during the experiments
| ater.

The undeformed sanple 3350 is shown on the right in Figure 1 next to
sanple 3349 after testing. The considerable |ighter appearance of sanple
3350 is caused by light reflection froma nyriad of small cracks (primarily
along grain boundaries), alnost all of which are created during the process
of coring and core extraction in situ. Some additional cracking during
| aboratory sanple preparation is and was unavoi dable.

Sel ection of Test Paraneters

It is generally believed that the | ong-term behavior of rock salt
cannot be predicted from short-term so-called quasi-static tests. Instead
"rate tests" are required either at constant deformation rate or at
constant stress. Contrary to assunptions sonetines made in the past, it is
al so accepted that assessnents of rock salt properties cannot be
accel erated by arbitrarily raising tenperature and stress. Instead, stress
and tenperature nust be carefully chosen in order to trigger the same and
no ot her mcronechani cal processes in |aboratory experinents that are also
rate-controlling in the engineering application in situ (1-3). Hence, rock
salt exhibits the same drastic change in mechanical response which
fascinates, for exanple, young students about silly putty. Wen struck by
the hard bl ow of a hammer, silly putty shatters in a brittle fashion; yet,
silly putty cannot maintain its shape and will "flow' |ike dough under the
seemingly minor action of its own weight.

Creep experinents in this study were carried out at tenperatures of
104°F (40°c) and in 140°F (60°C) which are representative of tenperatures
at mostin situ storage |ocations. The stresses driving creep, r=(o01=03),
were nominally 2300 psi (15.9 Mpa) and 2800 (19.3 MPa) where o4 and o3
denote the greatest and |east applied principal conpressive stresses. In
axi symretric triaxial conpression tests, o3 is the confining pressure which
was set at 2000 psi (13.8 MPa).

Creep of materials, including rock salt, is characterized by a
transient (time-varying) response for sometine and through some
deformation after the stresses are applied [1). This type of behavior is
referred to as transient or primary creep whose rate will decrease with
time follow ng stress increases. The transient creep rates have been
observed to increase or decrease with time after stress reductions
depending on the exact previous deformation history [(4].

If constant stress conditions are maintained |ong enough, then
transient creep will lead to a condition of steady-state creep. The
constant steady-state creep rate is assumed to be independent of the
material history and solely determined by the values of the current
stresses and tenperature besides intrinsic properties |ike chenica



Figure 1 - Undeformed and | aboratory deformed rock salt sanples
from borehole Mdss Bluff 2, depths 3349 ft (1098.8 m) and 3350 ft
(1099.1 m)



conposi tion. In order to conpare the |ong-term behavior of salt from
different locations, therefore, it appears best to conpare steady-state
creep rates. Unfortunately, at this point, steady-state creep measurenent5
at representative conditions require long test durations, measurenent5 of
extrenely low deformation rates, and the very difficult decision concerning
when creep rates no longer change with tine. Because it is known, however,
that deformation and time at a |ower stress count towards the tota
transient creep accunulation at any higher stress, it is prudent to perform
creep tests at different stresses on the sane sanple in sequence and in the
order fromlow to high stress [4}.' Carrying out several measurements on
the same sanple of natural (as opposed to a closely controlled, man-made)
material offers the added advantage that variations in neasurenents are not
likely to be affected by changes in sanple conposition, texture, or
structure

The foregoing rationale guided the selection of test conditions for MB2
salt. However, in order to appreciate all test values, one nore fact is
important. A large body of data for rock salt suggests that an acceptable
nodel for steady-state creep can be derived fromthe sinple expression for
the steady-state rate of greatest conpressive strain (1,2,5-6].

e, = A exp (-Q/RT)(r/m)" (1)

Equation 1 indicates that creep is a strong function of tenperature, T
(in degrees Kelvin), i.e., it is thermally activated. The rate-controlling
property is the activation energy @ (Cal/mole or J/nole). The paranmeters A
and n are constants, and R is the universal gas constant, R 1.99 cal/K
mole (8.32 J/K nole). p=1.8x106 psi (12.4 GrPa) is a typical value of the
el astic shear nodul us of rock salt.

It is noted that good fits of Equation 1 to creep data do not prove
that the steady-state creep of rock salt is governed by intracrystalline,
di ffusion-controlled clinb of edge dislocations as is frequently suggested.
Neverthel ess, Equation 1 was used here because it is known [2] that npdest
extrapol ations of this nodel beyond |aboratory conditions appear to differ
little fromalternative nodels which are derived for micronmechanica
nmechani sns other than clinb-controlled creep

Equation 1 inplies that Q and the so-call ed power |aw stress exponent,
n, can be conputed by nmean5 of steady-state creep neasurenents at two
stresses and two tenperatures. Accordingly, the nomi nal experinenta
conditions for sanple MB2 3349 ft (1098.8 n) were chosen as foll ows:

L Itis inmportant that the interpretation of creep tests follow ng
stress reduction5 requires a mathemati cal nodel which doe5 not
only describe decelerating transient creep but also accelerating
transient creep with a different characteristic tine.
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(01—03) = 2300 psi (15.9 Mpa) and 2800 psi (19.3 Mpa)

o, = 2000 psi (13.8 Mpa)
104°F (40°C) and 140°F (60°C)

—_<w
]

Apparatus and Test Procedures

The MB2 creep tests were carried out in a triaxial apparatus very
simlar to the test frame shown in Figure 2. The mnor differences in the
systens shown and used are fourfold. (1) The hydraulic actuator for axia
sanmpl e | oading was | ocated on top rather than bel ow the pressure vessel
and the four colum load frame in Figure2 was replaced by a threaded ring
connection between a conpact (10,000 psi; 69.8 MPa) actuator and the
pressure vessel. (2) One end (the bottomend) of the pressure had a
threaded closure with electrical feedthroughs. (3) The pressure vesse
wal | was heavier for tests to higher pressures. (4) The sanple was encl osed
in a neoprene jacket which is less costly than Viton and equally suitable
for use up to 212°F (100°C).

Note that the nipples in the end caps in Figure 2 provide access to the
sampl e and nade it possible to insert a thernocouple and nonitor sanple
tenperature directly with time. Sanple heating is acconplished by externa
sheet heaters around the pressure vessel and a cartridge heater inside the
movabl e axial |oading piston. Optional two- or three-zone heater contro
is acconplished by neans of three thernocouples placed in the pressure
vessel closure, about one-half the thickness into the pressure vessel wall
and near the end of the novable |oading piston inside the pressure vessel

Pressure, load, and axial deformation (strain) neasurenents were made
external to the pressure vessel. Note that the lateral (dianetral) sanple
deformati ons were not measured based on earlier observations that the
volumetric rock salt deformations in SPR | aboratory creep tests are much
smal l er than the shear deformations which governcavern closure [7].

I ndividual calibrations are traceable to national standards and are checked
before and at the end of each experinment.

Test control is done by means of progranmabl e m croprocessors which
mai ntain axial load (stress), confining pressure, stress difference, 7, and
tenperature within close tolerances. In the present tests, axial stress
and confining pressure varied by less than 20 psi (0.14 MPa) and *3 ps
(0.02 Mpa), respectively. Sonme spikes in the data records are the result
of electronic noise rather than real stress changes. Tenperature was held
constant to within *0.18°F(x0.1°c). The difference between tenperature at
the control thernocouple |ocations and at the thernocouple location in the
rock salt sanple was 0.36°F (0.2°C) at nonminally 104°F (40°C) and 2.21°F
(1.2°c) at nominally 140°F (60°C).
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Figure 2 - Schematic of typical triaxial creep apparatus in
Rock Mechanics Laboratory, Sandi a National Laboratories.

Major conponents: (1) tie rods on base plate, (2) hydraulic
actuators, (3) pressure vessel, (4) deviatoric |oading piston,
(5) Belleville washers, (6) heaters, (7) insulation, (8) cross
head with guide rods, (9) frame extension/lifting fixture,

(10) thernocouple Ilocation
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After the machined and jacketed salt sanmple MB2 3349 was placed inside
the triaxial creep apparatus, the fluid surrounding the entire sanple was
pressurized hydrostatically to 2000 psi (13.8 MPa). At that point,
tenperature was raised slowy to nonminally 104°F (40°c) over a period of
three hours. The sanple was held at that tenperature for approximtely 12
hours to attain a honbgeneous tenperature state and to allow open cracks to
close and heal. Crack closure and the removal of cracks results in the
typical difference in the appearance of the undeformed and deformed sanples
(sanples 3349 and 3350) in Figure 1. At the end of the pretest phase,
axial load and, therefore, stress difference, ¢, was applied in about 4
seconds to the desired value and then held fixed. After that, the progress
of the test was nonitored daily with manual records. Data were primarily
taken and logged with a data acquisition systemat |east once an hour unti
it was decided to change the test paraneters and proceed to the next
experiment.

At the end of the fourth and |last creep test, the applied stress
di fference was renoved and the sanple allowed to cool to roomtenperature
under hydrostatic pressure. Heating and cooling of the salt under pressure
avoi ded thermal stresses and attendant sanple danmage. In a final step, the
def ormed sanpl e di nensions were recorded and the sanple was phot ographed.

Experimental Results

Al relevant test paranmeters and results are listed in Table 1. The
creep rates at the end of each test are the average creep rates during the
| ast approximately 15 hours before either the principal stress difference
or the temperature were changed. They provide the best estinates of the
steady-state creep rates at the prevailing conditions. A plot of the
conpl ete creep nmeasurenents is presented in Figure 3. The principal stress
di fference and confining pressure during the four experinents are plotted
in Figure 4.

The values of the accumulated natural strains below and in Figure 3
denote changes in length with respect to current length as opposed to
original sample length. These values are hel pful in evaluating whether or
not a particular creep test has reached the steady-state stage. Published
accounts [8) indicate that steady-state creep may be established after as
little as 0.01 (1% strain at |ow tenperature and only after as much as 0.3
(30% strain at high tenperature.

The listing of neasurenents for Mss Bluff salt was conpl emented by
steady-state creep estimates for rock salt fromthe Wst Hackberry dome and
the Bryan Mound donme. The latter values were cal cul ated using published
power |aw creep paranmeters. The response of rock salt from West Hackberry
and Bryan Mund brackets the creep observations nade on donal salts at
Sandi a National Laboratories.
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Table 1 - Sanple Data, Test Paraneters,
and Creep Measurements for MB2

Initial sanple dinensions:

Sanpl e length, Lg=8.103 in (20.582 cm
Sanpl e di aneter, Dg=3.872 in (9.835 cm

Fi nal sanpl e di nensions:

Lg=6.949 in (17.650 cm
Df=4.187 in (10.635 cm average of 19 dianeter

nmeasur enent s)

Ds=4.215 in (10.706 cm average of 15 diameter measurements excl uding

measurenents 0.25 in - 0.64 cm - away from

I

Stress Difference
Confi ni ng Pressure
Tenperature
Test duration
Accunul ated natural strain eq
Creep rate at end of test
Conparison 8.8. creep estimte
for West Hackberry salt (data set WH2)
Conparison 8.8. creep estimte
for Bryan Mund salt

Stage |11

Stress Difference

Confining Pressure

Tenperature

Test duration

Accunul ated natural strain eg
Creep rate at end of test
Conparison 8.8. creep estinate
for West Hackberry salt
Conparison 5.5. creep estimte
for Bryan Mound salt

Stage |11

Stress Difference

Confining Pressure

Tenperature

Test durations

Accunul ated natural strain eq
Creep rate at end of test
Conparison 8.8. creep estimte
for West Hackberry salt
Conparison 8.5. creep estimte
for Bryan Mund salt
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ei ther sanple end).

2315 ps
2000 ps
40°c
341 hrs
2.54 %
7.42 x 1079

7.97 x 109

3.33 x 10-10

2330 ps
2000 ps
60°C
426 hrs
2.72 %
1.18 x 108

1.98 x 108
1.49 x 1079
2830 ps
2000 ps

60°C

676 hrs
7.80 %
2.14 x 108
5.44 x 108

3.60 x 109



Stage IV

Nomi nal Stress Difference 2830 psSi
Confi ni ng Pressure 2000 psSi
Tenperature 40°cC
Test durations 241 hrs
Accurmul ated natural strain ey 0.40 %
Creep rate at end of test 521 x 1079
Conparison 8.8. creep estimte

for West Hackberry salt 2.19 x 108
Conparison 8.8. creep estimte

for Bryan Mound salt 8.37 X 10°10

The creep rate at the end of test IV was higher than the creep rate
i medi ately after the tenperature had been | owered from 140°F(60°C)to
104°F (40°C). The attendant very slow creep acceleration during stage IV
indicates that the internal structure of the rock salt was recovering from
a "harder" condition at the higher stress. It is suggested, therefore
that the creep rate at the end of stage Iv was either |ower or equal to,
but by no mean5 hi gher than the correspondi ng steady-state creep rate.
Note that the creep rate listed for test | is higher than that for test IV
indicating that the creep state at the end of test | was clearly transient.

Using the pairs of the observed creep rates towards the end of each
test stage, the following activation energies and power-law stress exponent
are obtai ned.

Stages I-Il -- Q= 4.77 kcal/mole (19. 87 kJ/mole)
Stages II-11l1 -- n = 2.96
Stages IIl1-1V -- @ = 14.7 kcal/mole (61. 25 kJ/mole)

Normally, n could also be determined using test | and IV results. The
unrealistically high upper bound steady-state creep estimate for test |
precludes this conparison here.

A conparison of the present measurements for rock salt from Mbss Bl uff
2with other salt data is given in Figure 5. In order to make this
conparison useful, all data were normalized to 140°F (60°c). To do that
for MB2salt, both estimtes of the activation energy, Q=4.77 and Q=14.7,
were applied yielding the bar ranges shown. One of the bars is drawn as a
dashed line to suggest that the |ower Qvalue and the resulting normalized
at eady-state creep estinates are abnormal and not credible.

It was stated that the present creep deformati on neasurenents were
restricted to axial sanple defornation measurements on the assunption that
the volunetric defornations woul d be negligible conpared to the induced
shear deformations. This assunption can be checked, at |east crudely, by
nmeans of the external sanple dinmensions before and after the experinents.
Figure 1 indicates that end friction prevented that the sanple deforned
perfectly honogeneously. The final dianeter varied fromthe top through
the middle to the bottom of the deformed sanple MB2 3349 ft (1098.8 m.
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Figure 5 = Conparison of creep data for rock salt from Myss Bl uff 2,

3349 ft (1098.8 m) with power-law fits to different sets of measurenments on
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done (BM3C and BM4cC), and Bayou Choctaw (Bci1). Al neasurenments and data
fits represent steady-state creep estimates at the end of each test, ey,
normal i zed to creep at 140°F (60°c). Power-law paranmeters used for
conparison data are published in Reference (2).
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Making a total of nineteen diameter nmeasurenments at approxi mately 0.5, 1.5,
and 2 in (1.3, 3.8, and 5.1 cm) fromthe sanple ends, the average fina
diameter is 4.187 in (10.64 cm), and the final sanple volune is 0.3% (0.28
in3; 4.59 cm3) greater than its starting volume. Onitting the diameter
nmeasurenents closest to the sanple ends as potentially unrepresentative,

the deformed sanple volunme is conputed to be 1.63% (1.5 in3; 2.46 cm3)
greater than the undeformed volume. These changes are small conpared with
t he neasured shear defornations (shape changes) of nore than 20%, 1.5 times
the total accunul ated axial strain eq= 13.46%

Di scussion of Results

The conditions of the present tests fall into the domain of the |ow
temperature behavior of rock salt which enconpasses tenperatures bel ow
approxi mately 40% of the nmelting tenperature and well bel ow the quasi-
static wultimate stress [1,2). Under these conditions, the power-law creep
paraneters, Equation 1, typically are n-5, and Q 12-16 kcal/mole (50-67
kJ/mole). G ven repeat instrument calibrations and system checks, it is
unlikely that the low values of n and @ in this study are caused by
irregularities or errors in neasurements. Rather, unusual derived creep
paraneters are attributed to the fact that the creep conditions in the
present tests had not reached steady-state conditions. A5 a consequence,
the creep ratesatthe ends of tests | and Il (especially stage |I) were
only relatively crude upper bound estimates, and the creep rate at the end
of stage IV a lower bound estimate for the steady-state creep underlying
the use of Equation 1. This observation is neither new nor inconsistent
with available data. For exanple, a Wst Hackberry salt sanple subjected
to very simlar stresses at 140°F(60°c)had not reached steady state after
an axial strain ofnore than 0.09 (9%.

Gven the simlarity of the activation energy ©=14.7 kcal/mole (61.3
kJ/mole) with published val ues, mostcredence can be placed in the results
of tests Ill and IV. Going to the conmparison Figure 5, therefore, it is
strongly suggested that Mss Bluff 2 salt 3349 has creep characteristics
internediate to those of West Hackberry salt and Bryan Mound core, series
BM3c, which was the mostcreep-resistant rock salt ever tested at Sandia
Nati onal Laboratories. Taking the present observations one step further,
if needed, conplete creep paraneters A,n, and @ (Equation 1) coul d be
assigned for sensitivity studies using Q@=14.7 kcal/mole (61.3 kJ/mole),
n=5, and then estimating A nunerically or graphically. For exanple, A can
be cal culated by neans of Equation 1 and the creep rates at the end of
tests 111 and IV. It follows that A=9.92x10'5 |/s (test IIl) and
A=9.98x1015 | /s (test V).
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Sunmary and Conclusions

Creep tests were perforned on a representative sanple of rock salt from
borehole Mss Bl uff 2 (MB2), Mbss Bluff dome near Houston, Texas. The
neasurenents were carried out on the request of Tejas Power Corporation
Four triaxial experinents were conducted at two values of principal stress
difference and two tenperatures. The confining pressure was 2000psi (13.8
MPa) and constant throughout. The total test duration was 1684 hours (70
days) and the total accumul ated axial, greatest conpressive strain 0.135
(13.5%. Credible, snooth data were obtained in all tests. The m ni num
observed creep rates at the end of each test varied between 5.2x10°% |/s
and 2.14x10-8 I/s. The smallest creep ratetranslates into approximately
0.003 in (0.076 mm of sanple shortening per day.

The results obtained were evaluated in two ways. First, attenpts were
made to treat the snmallest observed creep rates as steady-state creep rates
and derive power-|aw steady-state creep parameters consisting of a power~
| aw stress exponent, n, and a thernal activation energy, @. Second, the
neasured creep rates at the end of each test were normalized to 140°F
(60°c) and conpared with power-law fits to data for rock salt froma bedded
deposit and three other salt domes. Accordingly, it wasfound that n=2.96
and 4.771QL14. 7 kcal/mole (19.87<Q<61.25 kJ/mole). The abnormally | ow
val ues of n and Q=4.77 kcal/mole (19. 87 kJ/mole) were attributed to the
fact that creep in at least two of the four tests was still in the
transient stages rendering only crude overestinates of the steady-state
creep rates under the prevailing conditions.

Graphi cal data conparisons suggest that the steady-state creep
characteristics of MB2 salt, depth 3349 ft (1098.8 m) is bracketed by
those of West Hackberry salt and Bryan Mund core which exhibited a more
than thirteenfold difference in steady-state creep rates under the sane
condi tions. Sensitivity conmputations could be conducted with the aid of
Equation 1 and the paraneter combination for MB2 salt: A=9.95x10'5 |/s,
0=14.7 kcal/K mole (61. 3 kJ/mole), and n=S5.

Al'l measurenments denonstrate the difficulties which still exist in
eval uating the rate-dependent properties of rock salt for long-term
predictions. Such predictions cannot rely on standard quasi-static
material properties experinents.
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